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Abstract

The interaction between long rods and ceramics is only partially understood;
however, this understanding is essential in the design of improved performance
of impact-resistant materials and armor system design applications. The current
work takes a preliminary look into the modern mythology surrounding the
formation of radial cracking in ceramics during ballistic penetration. Tests were
conducted using a 32-g tungsten alloy laboratory penetrator with a length to
diameter ratio (L/D) = 20 at a nominal impact velocity of 1,600 m/s. Testing
evaluated both prestressed and unstressed titanium diboride (TiB;) ceramic tiles.
Evaluation of the damage included microstructural analysis using a scanning
electron microscope (SEM) with a Robinson backscatter detector for surface
structure, the x-ray computed tomography (CT) nondestructive technique to
completely scan the interior of each disk, and limited analytical modeling of the

stress state.
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1. Introduction

Of recent interest within the ceramic armor community has been the possibility
of an interface-defeat-based ceramic armor. The interface-defeat phenomenon
has been demonstrated convincingly by Hauver et al. (1993; 1994) with highly
constrained ceramic tiles. Such armor designs are based on the interfacial flow of
the penetrator material at the surface of the ceramic with minimal penetration.
Grace (1997) proposed a shear failure mechanism in the ceramics interface target
designs that terminates interface defeat. His suggestion is supported by the
work of Lundberg et al. (2000). The present study is a preliminary look at the
radial cracking that occurs within the ceramic tiles from interface-defeat-based
armor targets after ceramic penetration initiates.

Post-mortems of three interface-defeat-based targets were evaluated using
scanning electron microscopy (SEM) and microchemical analysis for examination
of the ceramic fracture morphology. X-ray computed tomography (CT) (Stanley
1985; Dennis 1989) was used to provide accurate nondestructive visualization of
the mesodamage within selected opaque target components. Further analysis of
the ceramic disk is based on the damage assessment presented by the x-ray CT
scans to define crack lengths and boundary placements coupled with a stress
analysis based on the work of Lamé (1852) and Irwin et al. (1958) to determine
the state of prestress and defining the minimum internal pressure generated by
the penetration process to initiate radial cracking.

2. Setup and Ballistic Test Procedures

Two target designs were evaluated using the U.S. Army Research Laboratory
(ARL) Light Gas Gun Facility. The target construction followed general features
of the standard design, as shown in Figure 1 (Hauver to be published). The
38-mm x 38-mm attenuator consisted of 15 layers of 0.50-mm 1100 aluminum
evenly interspersed among 16 layers of 0.58-mm polyethylene. The attenuator
was then bonded to the 25.4-mm titanium alloy (Ti/6% Al/4% V) cover plate. A
2.39-mm-deep x 82.55-mm-diameter recess was cut into the rear surface of the
cover plate and completely filled with a graphite disk. Variations in the general
target design were then introduced by changing the diameter and lateral
confinement conditions for the ceramic insert. A pocket was machined in the
rear titanium alloy plate to within 31.75 mm of the rear surface. After the
ceramic is inserted in the rear plate, the front face is then machined flush with the



top surface of the ceramic insert. The two titanium plates are then peripherally
welded together.

The 72-mm-diameter ceramic disks used in the target designs were cut from a
single high-purity armor-grade TiB; tile manufactured by CERCOM, Inc." The
tile was 25 mm thick. Nominal properties as advertised by CERCOM for the

ceramic are:
* Density 448 g/cm?,
* Hardness—Knoop 300-g scale 2,700 kg/mm?2,

* Average grain size 15 pum,
* Compressive strength 4.82 GPa, and
* Fracture toughness (Kic) 6.95 MPa(m)*.

The first ceramic insert design consisted of a double shrink fit. First, a cylinder of
17-4PH steel was placed around the 72-mm ceramic disk which resulted in the
initial prestress of the ceramic insert. These assemblies were then placed into a
titanium body with an interference fit. The interference between the titanium
body, steel ring, and ceramic disk resulted in a nominal calculated compressive
pressure of 128 MPa in the TiB; disk. The second design eliminated the double
shrink fit in the general target design by directly potting the ceramic insert into
the titanium body. This arrangement resulted in lateral confinement of the

ceramic without prestressing it.

Both target designs were then impacted at 1,600 m/s (nominal) by tungsten
heavy alloy (WHA) hemispherical-nose long rod (L/D = 20) penetrators
manufactured by Teledyne Firth Sterling using the X-21C process with
approximately 25% swagging. One target using the prestressed ceramic design
was impacted a second time after replacing the attenuator. Ballistic results of all
tests are listed in Table 1.

The penetrators used in this study were manufactured with a diameter of

4.93 mm and a mass of 32.5 g. The WHA had a nominal alloy composition of
93% W/4.9% Ni/2.1% Fe. Nominal properties for the penetrators are:

* Density (Dowding 1999; Teledyne Firth Sterling 1991) 17.73 g/cm?,
* Hardness—Rockwell C Scale (Dowding 1999; Teledyne
Firth Sterling 1991) 40.5-42.6,

* CERCOM, Inc., 1960 Watson Way, Vista, CA 92083.




Table 1. Experimental results.

Test Number Ceramic Diameter? Impact Velocity DOP? into Ti Plate
340 72 mm/w 1,589 m/s 4.0 mme
R-1 72 mm/w 1,600 m/s 10.9 mme
R-1(2nd) 72 mm/w 1,594 m/s 10.0 mm
R-2 72 mm 1,597 m/s d
R-7 72 mm 1,587 m/s 7.4 mm
2 /w = with shrink fitted 17-4 PH steel ring.
vDOP = depth of penetration.
< DOP into TiB,.
4 Complete penetration; DOP not measured.
* Yield strength (Dowding 1999; Teledyne Firth Sterling
1991) 1.09-1.17 GPa,
* Ultimate strength (Dowding 1999; Teledyne Firth Sterling
1991) 1.13-1.21 GPa,

* Elongation (Dowding 1999; Teledyne Firth Sterling 1991) 5.8-10.6%.

3. Evaluation of Target Disks

3.1 Macro Scale Visual Inspection

Macro photographs of the three ceramic disk targets after impact are shown in
Figures 2, 3, and 4. Figure 2 shows a confined, but not prestressed, target disk.
Figures 3 and 4 show prestressed disks using the 17-4PH steel rings for
compression, with Figure 3 showing the result of one ballistic impact and
Figure 4 showing the result of two sequential impacts. Figure 2 illustrates the
typical appearance of a ceramic target when interface flow does not completely
erode the penetrator. Initial inspection of the target after the cover plate was
removed showed a mixture of residual penetrator material and powdered
ceramic adhering to the cover plate. The mixture covered an area approximately
25 mm in diameter and was about 7 mm thick. The remaining ceramic, shown in
Figure 2, has a hole perforating the center of the disk, a region of comminuted
ceramic surrounding the hole, and extensive radial cracking reaching the outer
edges of the disk. Contrast this with the appearance of the ceramic disk in
Figure 3, where the penetrator was defeated, which shows very little radial
cracking. The penetrator in this disk reached a depth of approximately 11 mm.




The ceramic disk in Figure 4, which was completely penetrated by the second
impact, has similarities to the disk in Figure 2.

3.2 Micro Scale Evaluation

SEM and microchemical analysis for examination of the ceramic fracture
morphology is discussed here mainly because they were done on as-impacted
(i-e., not sectioned) disks, since each disk was subsequently examined using the
state-of-the-art x-ray CT nondestructive evaluation technique. Figures 5 and 6
show representative impact surface structures of the prestressed disks shown in
Figures 3 (one impact) and 4 (two impacts), respectively. The images show
similar fracture surfaces. However, the sequentially impacted surface in Figure 6
shows a much larger amount of rubble (comminuted TiB;) than in the single
impact disk. This rubble is on the order of tens of microns in size and is adhered

to the disk surface.

A Robinson backscatter detector on the SEM was used to image residual
penetrator material on the surface of the sequentially impacted disk. This
method shows heavier elements such as tungsten as a lighter shade of gray or
white. In Figure 7, which is a low magnification image, a region of tungsten
(shown as lighter gray or white) lies to the left of the hole (shown as darker gray
or black) from the second impact. At higher magnifications, as shown in
Figures 8 and 9, the tungsten region can be identified as individual particles
ranging in size from submicron to tens of microns that are intermixed with
particles of the ceramic spread on the surface of the disk.

SEM images from the sequentially impacted disk also show a significant amount
of comminuted ceramic adhered to the surface of the disk. Figure 10 was taken
closer to the overall impact zone and shows a higher number of smaller pieces of
comminuted ceramic. Figure 11, taken at increased distance from the impact
zone, shows fewer smaller pieces as well as some relatively larger pieces of
comminuted ceramic.

3.3 Meso Scale Evaluation Using X-ray CT

The SEM is an adequate tool to characterize the many features associated with
the impact surfaces of the ceramic disks, but it cannot provide any information
about the damage within the body of the disks. An overview of the principles
and technique of x-ray CT as well as a description of three-dimensional (3-D)
volume reconstruction from multiple CT slices (i.e., scans) and subsequent
generation of 3-D point clouds may be found in Wells et al. (2001).




3.3.1 X-ray CT Method

3.3.1.1 Principles and Technique

Figure 12 schematically shows the rotate-only (RO) x-ray CT technique. The
x-ray source and detector remain stationary. The object remains stationary
relative to the turntable. The collimated horizontal fan beam “scans” a slice of
the object, as the turntable rotates 360°. The height above the turntable and
thickness of the slice are known. A set of attenuation line integrals is generated
from the scan. The line integrals can be conceptually grouped into subsets
referred to as “views.” Each view corresponds to a set of ray paths through the
object from a particular direction. The views are also referred to as “projections”
or “profiles,” while each individual datum within a given projection is referred
to as a “sample” or often just a “data point.”

A state-of-the-art scanner routinely collects millions of measurements per scan,
each one accurately quantified and precisely referenced to a specific line of sight
through the object of interest. The views from the scan are passed to the
reconstruction algorithm for processing (Stanley 1985). The CT reconstruction
process yields a two-dimensional (2-D) array of numbers corresponding to the
cross section of the object. This 2-D array of numbers (i.e., densitometric gray
levels) is the CT image.

3.3.1.2 3-D Volume Reconstruction

The spatial precision and digital nature of CT images allow for the accurate
volume reconstruction of multiple adjacent slices. The slices are “stacked” to
provide 3-D information throughout the entire object or a section of the object.
Two ways of visualizing volumetric data are multiplanar reconstruction (MPR)
and 3-D reconstruction. MPR (visualization) displays top, front, side, and
oblique slices through the object. The orientation of the top slice is parallel to the
cross-sectional image plane. The front slice is orthogonal to the top slice. The
side slice is orthogonal to both the top and front slices. The oblique slice can be
placed on any one of the other three slices. The MPR display is similar to an
engineering drawing. However, each view (i.e., top, front, side, and oblique) is a
slice with finite thickness through the object, not a 2-D projection. The top, front,
and side slices can be moved anywhere in the reconstructed volume. The
oblique slice can be rotated through 360°. The volumetric data is displayed as a
3-D solid object in 3-D reconstruction, and the orientation of the solid in space
can be changed to facilitate different views. The solid can also be “virtually”
sectioned by only displaying part of the reconstructed volume, which creates a
“virtual” cutting plane on the solid showing the x-ray density values on that
plane. This plane may be orthogonal to the cross-sectional image plane. In
effect, virtual sectioning shows the exposed surface as it would look if the object
were actually destructively sectioned along that plane.




3.3.1.3 3-D Point Cloud Generation

As previously stated, a CT image is a 2-D array of densitometric gray levels
(i.e., CT densities). For example, a 12-bit image would have 4,096 levels of gray
from black to white, with darker (blacker) normally indicating less x-ray
attenuation and lighter (whiter) indicating more attenuation. The field of image
processing is too great to discuss in detail here, but it is sufficient to state that
different materials in an image can be visually delineated to a high degree using
various image processing techniques based wupon their attenuation
characteristics. In fact, black (gray level = 0) and white (gray level = 4,095)
images can be generated using appropriate contrast enhancement. This is
normally done to accurately define material (white) boundaries. Any number of
black and white (i.e., binary) images can be vertically stacked to generate a 3-D
point cloud, in which the set of points in space defines the internal and external
surfaces of the object. Furthermore, a point cloud can be “polygonized” or made
into a wireform model.

3.3.1.4 Resolution

Table 2 lists approximate resolutions achieved for different modes of image
visualization.

Table 2. Approximate resolutions achieved for different modes of image visualization.

Visualization Mode View Description Image Spatial
Resolution

2-D CT Slice Traditional cross-section plane ~400 pm
orthogonal to vertical axis

MPR Pseudo 3-D Arbitrary multiplanar slices ~400 pm

3-D Solid Oblique view showing cracks ~400 um

(with or without cut sections) within base material

3-D Point Cloud 3-D view of crack network ~400 pm

(polygon/wireform model) only with base material (=500 pm in the
removed Z-direction)?

2 Assumes point cloud not significantly undersampled.

3.3.2 CT Equipment

The TiB. disks were examined using a customized ACTIS 600/420 CT system
designed and constructed by Bio-Imaging Research (BIR), Inc. and installed at
ARL at Aberdeen Proving Ground, MD. It has a 420 keV x-ray tube with two
focal spot sizes and a 160 keV microfocus x-ray tube with four focal spot sizes,
the smallest being 10 um. It also has a linear detector array (LDA) and an image
intensifier (II) with a zoom lens and a charged-coupled device camera. CT




scanning can be done using the LDA or the II. The system can scan in RO and
offset-RO mode using either source and the LDA or the I, and in translate-rotate
(TR) mode using the LDA and either source. It can also perform digital
radiography (DR) scans using the LDA or II.

3.3.3 CT Technique

The entire thickness of each TiB; disk was scanned parallel to their impact faces
in RO mode with their impact faces facing up. The prestressed disks remained
within their 17-4PH steel compression rings. The confined-only disk remained
within a sectioned block of titanium to maintain its integrity. The
source-to-object distance and source-to-image distance were 747.6 mm and
928.0 mm, respectively. The slice thickness and increment were 0.50 mm and
0.50 mm, respectively, resulting in contiguous scans. The scan configuration
used the 420 keV tube with the LDA. The tube energy and current used were
415 keV and 2.0 mA, respectively, and the focal spot was 0.8 mm.

The sequentially impacted prestressed disk was also scanned perpendicular to
the impact face in two different positions to better locate and resolve radial
cracking through the thickness of the disk, since very high attenuating residual
penetrator material is generally not near the edges of the disk. In this
orientation, the impact face is vertical and perpendicular to the horizontal x-ray
fan beam. The effect of relatively large amounts of residual penetrator material
in CT images is discussed later in this report. A series of perpendicular scans
were made near the edges without scanning through residual penetrator
material. These scans were examined using MPR (Wells et al. 2001), to
volumetrically reconstruct CT slices parallel to the impact face showing material
from the edge of the disk to the extent of the perpendicular scans. Thus, only
part of the area of the disk is shown in the MPR images, as opposed to the entire
area over the diameter. Except for the slice thickness and increment in the
perpendicular scan data set, which were 0.50 mm and 0.25 mm, respectively, the
technique parameters were the same as the parallel scan data set. Overlapping
scans, as these were, generally improve MPR and 3-D solid images because they
result in better quality attenuation data (i.e., better photon statistics) in the
overlapping regions.

3.3.4 Confined Disk With One Impact

Figure 13 is a flash radiograph of a long rod penetrator as it is in the process of
perforating a TiB; ceramic disk. This radiograph illustrates the presence of a
limited initial lateral flow of the penetrator material on the ceramic surface prior
to penetrating the disk. A CT scan 21.0 mm from the impact face is shown in
Figure 14. The extent of the diameter of the disk is within the black ring. A
flower petal-like pattern of dark band delimited ceramic damage is evident near
the outside edges of the disk. Figure 14 also shows the presence of residual



penetrator material (debris) shown in white. It should be noted that highly
attenuating material like the tungsten penetrator causes some streaking in the
image around it. This streaking is an image artifact and is not indicative of any
real physical changes in the state of the material. Figure 15 is a CT scan 4.5 mm
from the impact face showing approximately the depth at which outer radial
cracking begins. The circumferential/laminar damage is more complicated
closer to the impact face. Figure 16 is a CT scan 3.0 mum from the impact face
showing two outer radial cracks in the top area of the image. It should be noted
that the cracks are wider at the edges of the disk and thinner towards the center
of the disk. Figure 17 is a CT scan only 1.0 mm from the impact face showing
how the outer radial cracks become longer closer to the impact face. Figures 16
and 17 also show relatively short cracks originating in areas of comminuted
ceramic damage. These types of cracks are more difficult to identify in these
images due to their close proximity to highly attenuating residual penetrator
material.

Figure 18 is an MPR image showing two perpendicular slices to the top slice
view (top left), which is parallel to the CT scan plane. The top slice view passes
through the midplane of the disk. The front slice (bottom) and side slice (top
right) views are orthogonal 25-mm-thick slices in the through-thickness direction
of the disk, which, in this case, pass through the approximate center of the disk.
The MPR image shows the cracking and comminuted damage, as well as the
non-uniform columnar placement of residual penetrator material, within the disk
in these views. In general, the three different views can be arbitrarily located

anywhere within the disk.

Figure 19(a) is a 3-D solid image of the entire disk with the impact face at the top
of the image. Figure 19(b) is a 3-D solid image of the disk with approximately
half of it “virtually” cut off perpendicular to the impact face (i.e., a semicircular
section). This image shows damage and residual penetrator material in the
virtual sectioned face. That is, if the disk were actually physically sectioned at
the virtual location the revealed surface would have the damage and residual
penetrator material as shown in Figure 19(b), assuming the sectioning process
did not obscure or destroy it. Figure 19(c) is a further sectioned 3-D solid image
showing only 1/4 of the entire disk.

As seen in Figures 14-18, the location of the white residual penetrator material is
very evident. However, it is desirable to know the 3-D distribution of the
material to determine its depth and lateral extent, or spread, in the disk, and to
determine the degree to which the penetrator was broken up in the disk during
impact. This type of information is useful in understanding the interaction
between the penetrator and the target. Figure 20(a) is a 3-D point cloud looking
in the through-thickness direction which defines the boundary locations of the
residual penetrator material within the disk (it is upside down relative to
Figure 15). The x-direction is to the left and the z-direction is into the page. In




Figure 20(b), the x-direction is still to the left, but the z-direction is rotated 25°
counterclockwise (i.e., out of the page) from vertical about the x-axis. The
z-direction relative to the disk is from the rear face to the impact face. Therefore,
the point cloud is oriented such that the impact face, which is physically at the
top of the image, is being viewed obliquely. An outline of the impact and rear
face edges of the disk are superimposed in these figures to reference the true
location and orientation of the residual penetrator material point cloud. The
“front” edge of the rear face is physically at the bottom of the image and the
dashed “back” edge of the rear face is physically behind the point cloud. BIR
ACTIS software was used to perform line profiling, create binary images, and
generate the point cloud data. A general description of how to create binary
images using line profile data is hereby described (Wells et al. 2001):

* The first step in obtaining the point cloud is to perform the required image
processing to “clean up” undesirable image features or artifacts. This step
may be simple or complicated, depending on image quality.

* The next step is to determine the best gray level to use to threshold and
binarize the images (i.e., show only two gray levels or black and white).
This is done by “line profiling” the feature(s) of interest in the image.
Normally, the full-width-half-maximum value, which is the gray level half
way between the minimum and maximums of the profile, is used. The
result of binarizing the image is based on the profile. A number of binary
images are then volumetrically combined to generate a 3-D point cloud
describing “boundaries” of the cracking damage and comminuted ceramic
material.

* A systematic sampling technique is then applied to decrease the amount of
data and make the point cloud more visually informative, since the point
cloud contained more points than were necessary for data analysis. BIR
ACTIS software was used to perform the line profiling, create binary
images, and generate point cloud data. SURFACER software by
SDRC/Imageware, Inc., was used to visualize the point cloud data. It is
apparent from the point cloud that residual penetrator material is present
through the thickness of the disk with approximately uniform lateral
extent.

3.3.5 Confined and Prestressed Disk With One Impact

Figure 21 shows a static post-mortem flash radiograph of the residual penetrator
material within the disk, in which the presence of extensive lateral flow of
penetrator material is evident. A CT scan 22.5 mm from the impact face is shown
in Figure 22. The extent of the diameter of the disk is within the black (on the
left) and white (on the right) ring. Figure 22 shows that the disk has excellent
physical integrity at this depth location, which is representative of the CT scans
beneath the impact crater. Figure 23 is a CT scan 3.0 mm from the impact face



exhibiting no radial cracking, some fractured ceramic above the crater, and very
little residual penetrator material within the crater. The disk material outside of
the crater is largely intact, except for the relatively small band of fractured
ceramic. Again, these characteristics are representative of the disk in the CT

slices containing the crater.

3.3.6 Confined and Prestressed Disk with Two Impacts

Figure 24 shows a static post-mortem flash radiograph of the second impact into
the ceramic disk shown in Figure 22 (section 3.3.5). Additional lateral flow of the
penetrator material is not evident when compared with Figure 21. A CT scan
23.5 mm from the impact face is shown in Figure 25. Figure 26 shows a CT scan
3.5 mm from the impact face with significantly more residual penetrator
material, which has the effect of obscuring relatively small radial cracking,
especially internal cracking, due to the streaking artifact. Figure 27(a) is a 3-D
point cloud looking in the through-thickness direction of the combined residual
penetrator material left in the disk after both impacts (it is upside down relative
to Figure 25). In Figure 27(b), the orientation of the point cloud is the same as in
Figure 20(b). The bimodal distribution of the combined residual penetrator
material is evident in Figure 27(b) and the material is widely dispersed. The
“partial cloud” more towards the center of the disk with greater depth is from
the second impact, which perforated the rear face of the disk. Radial cracking is
heavily masked in the CT scan in Figure 26 because of the residual penetrator
material. Consequently, the disk was scanned perpendicular to the impact face
as discussed in section 3.3.3 and MPR images were reconstructed from these
scans. Figures 28(a)-(c) are such images, in which only the top slice view (top of
image) parallel to the scan plane and front slice view (bottom of image) parallel
to the impact face are shown. The front slice view passes through the top slice
view perpendicular to the page. In Figure 28(a), the top slice is located near the
top edge of the disk as it rested on its side on the (scanning) turntable and the
front slice (FS) is 0.97 mm from the impact face, which is at the top of the top slice
view. In Figures 28(b) and (c), the top slice is at the same location as in Figure
28(a), but the front slice is 2.15 mm and 3.32 mm from the impact face,
respectively. The white material in Figures 28(a)-(c) is the steel constraining ring.
At a depth of about 3 mm, the outer radial cracks are less visible and
circumferential/laminar cracks appear. The radial cracks in the front slice views
are not as long as those in the once-impacted confined-only disk (section 3.3.4).
Secondly, these cracks change in size relatively little as a function of depth
compared to those in the confined-only disk and they are relatively shallow,
having a depth of only about 2 mm.
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4. Analysis of Target (Solid Mechanics)

Current modeling of ceramics is based on strain energy release rates (Rupert et
al. 2001). They assume that the formation of radial cracks within the ceramic is
the result of internal pressurization of the penetration cavity. To calculate the
stresses, strains, and strain energy within the ceramic disk as a result of the
prestressing from the double shrink fit and the pressurization of the cavity
during penetration, the target was analyzed as a series of thick cylinders
subjected to external and internal uniformly distributed pressures as described
by Lamé (1852) for a fixed cylinder length. The schematic of a cylinder of
length 1, internal radius r;, and external radius r;, subjected to internal and
external uniformly distributed pressures p: and p», is shown in Figure 29.

The strains will be expressed by equation 1:

- é[(l —v?)o, - (1 +7)0,).
= La-+?)s, -1+ )s,) M
E

€ =— 2V(r12p1 - r22pz )
’ E(r22 -rlz)

The stresses will be expressed by equation 2:

_5h rz (Pz p1) rlzpl —r22p2

r 7
2 2 2
r2 r1 T r, -1,
2 2
_n rz (Pz px) rl Pp—5L P, @)
o 2 2 2 7
1, -1’ 1 r, -1,
2 2
2v(r -T )
g, =— I:‘ 22 P2/ constant.

These equations are identical to those as derived by Lamé (1852) for a fixed
cylinder length except for 0, and €., which were derived for a cylinder where
the ends are free (Volterra and Gains 1971).

Setting the external radius of the titanium target holder to infinity (r2 = « for Ti
plate) and the internal radius of the ceramic disk to zero (r: = 0 for TiB; disk), an
internal stress of 128 MPa was calculated for the disk as a result of balancing the
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pressures at the interfaces and accounting for the interferences between the
ceramic disk, steel ring, and titanium plate forming the double shrink fit used in
the target construction. This compares quite favorably with the measured
prestress of 137 MPa of a silicon carbide (SiC) disk of the same overall target
general design and construction tolerances (Trevino et al. 1998).

To estimate the stress state in the elastic portion of the disk during penetration,
certain assumptions are made. First, the comminuted ceramic has no shear
strength and acts like fluid pressurizing the internal surface of the ceramic
cylinder. Second, the minimum hoop stress, g, required to initiate radial
cracking is related to the fracture toughness of the ceramic. This minimum hoop
stress for fracture is expressed by equation 3:

K
0, =0, =—"F . ®)

2(7ra);

Ky is defined as the ceramic’s mode I fracture toughness, a is the initial crack
size, and oy is the hoop stress at the comminuted/intact ceramic interface
representing the phenomenological yield stress of the ceramic on (Irwin et al.
1958).

Defining the initial crack length at the comminuted/intact interface as one grain
diameter (17 pm), equation 3 was then used to define the minimum hoop stress
required to initiate the formation of radial cracks outward from the interface.
This was then coupled with equations 1 and 2 to balance the forces and
displacements at the interfaces for the double shrink-fit on the ceramic disk to
determine the pressure profiles presented in Figures 30 and 31. For the titanium
block, r2 was set to infinity in these calculations. Figure 30 plots the necessary
pressure resulting from the penetration process to initiate radial cracking as
100%. Internal pressures required to generate 15%, 30%, and 45% overpressures
in hoop stress that may result from the penetration process are also presented for
comparison. Figure 31 proffers the corresponding pressures applied at the outer
edge of the ceramic disk.

Upon acquiring the pressure profiles for the ceramic disk, determination of the
radius for zero hoop stress could be made. The radius at which zero hoop stress
occurs is expressed by equation 4:

1

r, = [rlzzrz (pz _zpl)J2 . )
LP~5L P,

The difference between the zero hoop stress radius and the comminuted/intact

interface radius can then be used to predict the maximum radial crack length
resulting from internal pressurization of the ceramic disk. Figure 32 shows the
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plot for the minimum pressure curve for fracture and three additional
overpressure curves. In Figure 32, all four crack length curves are superimposed
upon each other, inferring that increased pressure from the penetration process
does not result in increased radial crack length. Therefore, to offset the increases
in strain energy resulting from the increased internal pressure the number of
radial cracks formed will have to increase proportionally with the strain energy.
Figure 32 also defines a maximum crack length of 10.5 mm which occurs at a
comminuted/intact ceramic interface radius of 25.5 mm. This corresponds to the
zero hoop stress occurring at the ceramic/ steel ring interface.

In an effort to determine the cause of the second set of radial cracks which
originates at the outer surface of the ceramic disk, strain energy calculations were
made assuming the minimum internal pressure to initiate cracking as given by
equation 3. Shear stresses, 1o and 1, within the cylinder are set to zero as a result
of the symmetry of the problem. The strain energy is expressed by equation 5:

_1 J. 0.6 +0,6, +0,€,dV. )
2°v

The stresses and strains used in equation 5 are defined by equations 1 and 2.

Figure 33 provides a plot of the total strain energy as a function of radius for six
different comminuted/intact ceramic interface radiuses. These plots illustrate
that the strain energy density resulting from the double shrink fits and internal
pressurization of the ceramic disk during penetration is insufficient to cause the
formation of the second radial crack pattern observed by Green et al. (2001). An
alternative explanation for the formation of these radial cracks is a reflected
release wave off the ceramic/steel ring (or adhesive) interface. Additional work
will be done to estimate the magnitude of the release wave required to initiate
cracking in the ceramic and the resulting strain energy distribution.

A second observation was made based on the strain energy calculations. The
comminuted/intact ceramic interface radius experimentally measured by Green
et al. (2001) for both the prestressed and unstressed ceramic disk coincides with
the radius which results in maximum strain energy stored within the ceramic
disk. Due to the limited data available at this time, additional testing will be
required to verify the existence of any relationship between the penetration
cavity diameter and maximum strain energy remaining within the intact ceramic.
The authors are currently pursuing the experimental and analytical verification
of the existence of such a relationship.
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5. Summary and Conclusions

The results of SEM microstructural and x-ray CT mesostructural
(102 um-103 pm) analyses of three ballistically impacted TiB, ceramic disks were
presented. The SEM analysis studied the ceramic surface fracture morphology of
the disks. The CT evaluation successfully located the ballistic impact damage
and residual penetrator material within the entire volume of each disk.
Destructive sectioning would provide additional information on the impact
damage and residual penetrator material within the ceramic disk on the micro
scale. However, the time and resources needed to complete a destructive
sectioning of one of the disks used in this study were not available. The
University of Texas at El Paso was provided three of the ceramic disks used in
this study for their own microstructural evaluations. Results from these
examinations will be published in a subsequent report.

The first disk, which was not prestressed using the 17-4PH stainless steel
constraining ring, was completely penetrated by the single impact. There was
extensive ballistic damage within the disk, including comminuted ceramic
damage and both internal and outer radial cracking. The internal cracking
originated from areas of comminuted damage and the outer cracking originated
from the edges (i.e., the circumference) of the disk. The outer radial cracking was
unanticipated and is contrary to current damage models. The CT slices through
the disk also showed the presence of complicated banded circumferential
damage. The residual penetrator material was dispersed through the thickness
of the disk with approximately uniform lateral extent (i.e., columnar).

The second disk, which was prestressed, was impacted one time and exhibited
extensive lateral flow of penetrator material. The penetrator reached a depth of
approximately 11 mm and there was very little damage within the disk
excluding the impact crater, including considerably reduced radial cracking. The
differences in impact damage in this disk compared to the first disk
(confined-only) can be attributed mainly to the compressive prestress resulting
from the constraining ring.

The third disk, which was also prestressed, was impacted two times with the
attenuator being replaced between impacts and the disk was completely
penetrated by the second impact. There was extensive ballistic damage within
the disk similar to that within the single impacted confined-only disk, including
comminuted ceramic damage and both internal and outer radial cracking.
Internal cracking was difficult to identify in the CT slices because of the relatively
large amount of combined residual penetrator material present. As was the case
with the single impacted confined-only disk, the CT slices also showed the
presence of banded circumferential damage. Secondly, a portion of the
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combined residual penetrator material is dispersed through most of the thickness
of the disk near its center, which resulted from the second impact. However, the
combined material as a whole is widely laterally dispersed and has a bimodal
distribution.

The comparison of detailed and accurately (volumetrically) located ballistic
impact damage and residual penetrator material in the three disks was important
in gaining a better understanding of the penetrator-ceramic interaction in these
ballistic test cases. The authors will continue to apply x-ray CT evaluation in
future work on improved impact-resistant materials, including interface-defeat-
based ceramic armor, and are excited about the potential for better
understanding of the penetrator-ceramic interaction using extensive knowledge
of the ballistic impact damage obtained by x-ray CT. Work in the near future
will address the removal of the penetrator material (digitally) from the scan to
facilitate the mapping of the ceramic damage.

Two sets of radial cracks were observed from the x-ray CT scans of the ceramic
disks. These included one set that originated at the comminuted/intact ceramic
interface and a second, more pronounced set, that originated at the outer edge of
ceramic disk. The first set of radial cracks is in excellent agreement with the
stress analysis based on using uniformly pressurized thick-walled cylinders. The
set of radial cracks originating from the outer edge was unanticipated based on
current damage models.

The measured radius of the comminuted/intact ceramic interface appears to
coincide with the comminuted/intact ceramic interface radius that results in the
maximum total strain energy within the intact section of the disk. Additional
study and analysis will be required to verify any actual relationship.

The strain energy density from the internal pressurization of the ceramic
disk/cylinder resulting from the penetration process is insufficient to initiate
cracking at the outer edge of the ceramic disk. The most likely cause of this
second set of radial cracks is the reflection of the shock wave from a ceramic-steel
or ceramic-adhesive interface. Current damage models will have to be modified
to account for the possibility of radial cracking initiating from the outer ceramic
boundaries.
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Figure 1. General target description.

Figure 2. TiB; disk without prestress; single impact.




Figure 3. TiB, disk with prestress; single impact.

Figure 4. TiB; with prestress; dual impact— front surface.
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Figure 6. SEM image of dual impacted disk.




Figure 8. SEM image of tungsten region near penetration channel.
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Figure 10. SEM image 3 mm from penetration channel.
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Figure 1. SEM image 13 mm from penetration channel.
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Figure 12. Schematic of RO CT scan technique.
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Figure 14. CT slice 21.0 mm from impact face of TiB; disk in test no. R-7.
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Figure 15. CT slice 4.5 mm from impact face of TiB; disk from test no. R-7.

Figure 16. CT slice 3.0 mm from impact face showing two outer radial cracks in the TiB;
disk from test no. R-7.
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Figure 18. MPR image showing three perpendicular slice views for the TiB, disk from
test no. R-7.
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3-D solid image of the disk with approximately half of it “virtually” cut off
g PP y y
perpendicular to the impact face.

(c) 3-D solid image showing only 1/4 of the entire disk.

Figure 19. 3-D solid images of the TiB; disk from test no. R-7.
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(b)

Figure 20. Penetrator point cloud (a) through-thickness view, and (b) oblique impact
surface view from the TiB; disk used in test no. R-7.

Figure 21. Test no. R-7 post-mortem radiograph of residual penetrator material
(first impact).
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Figure 23. CT slice 3.0 mm from impact face of the TiB. disk used in test no. 340.
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Figure 24. R-1 (2nd) post-mortem radiograph of combined residual penetrator material
(after second impact).

Figure 25. CT slice 23.5 mm from impact face of the TiB; disk used in test no. R-1 (2nd).
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Figure 26. CT slice 3.5 mm from impact face of the TiB. disk used in test no. R-1 (2nd).

Figure 27. Combined residual penetrator point cloud of the TiB, disk used in
test no. R-1 (2nd).
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Figure 28. MPR images with FS (a) 0.97 mm, (b) 215 mm, and (c) 3.32 mm from
impact face of the TiB; disk from test no. R-1 (2nd).
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Figure 29. Generic pressure diagram.
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Figure 30. Internal pressures corresponding to percent hoop stress required to initiate
fracture as function of comminuted ceramic radius.
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Figure 31. Pressures at ceramic/steel interface corresponding to percent hoop stress
presented in Figure 30 as function of comminuted ceramic radius.
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Figure 32. Maximum crack length between comminuted ceramic boundary and hoop

stress tensile/compressive transition (or disk edge).
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